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Abstract 
Thin film solar cells of β-FeSi2(Al)/Si heterojunctions were fabricated via Al incorporation and rapid thermal 
processing (RTP).  The Al-incorporated FeSi2 films were polycrystalline, orthorhombic and semi-conducting.  Photo-
voltaic characterisation showed that device prepared with Al interlayer added between Al-doped FeSi2 film and Si 
exhibited short-circuit current and open-circuit voltage improvement over device without interlayer.  These can be 
correlated to surface passivation of Si by interfacial structure and reduced dark current with Al interlayer.  This 
alternative fabrication method via Al incorporation to β-FeSi2 films using conventional magnetron sputtering and 
RTP enhances the viability of β-FeSi2 for photovoltaic application. 
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1. Introduction 
A key strategy to meet global demand for clean energy alternatives is to develop photovoltaic devices 
and materials that can harvest solar energy efficiently.  Semiconducting β-FeSi2 is a relatively new 
photovoltaic material compared to well-studied ones like silicon and III-V compound semiconductors.  
However its direct band gap value ~0.85 eV (at room temperature) and high absorption coefficient > 105 
cm-1 (at 1 eV) [1-4] would render a theoretical conversion efficiency ~23% [5] and thinner film for 
 
* Corresponding author. Tel.: +65 6874 8111; fax: +65 6872 0785 
E-mail address: sl-liew@imre.a-star.edu.sg 
 201  Published by Elsevier Ltd. Selection and/or peer- eview under responsibility f the organizing committee of 
International Conference on Materials for Advanced Technologies. Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
306  S.L. Liew et al. / Energy Procedia 15 (2012) 305 – 3112 S.L. Liew et al / Energy Procedia 00 (2011) 000–000 
 
photovoltaic applications, respectively.  Besides, β-FeSi2 is chemically stable up to 937C, environ-
mentally resistant and non-toxic [6].  Despite these potential benefits, research on the fabrication of 
β-FeSi2 thin films solar cells is not aplenty.  Available studies suggested that control of both film and 
heterojunction interface quality is essential to achieve working device efficiency.  Thus current 
fabrication methods for high quality β-FeSi2 thin film solar cells tend to involve using system such as the 
facing-target sputtering method equipped with special features like higher plasma density and less 
damage to substrate compared to conventional sputtering system.  In addition, several intermediate 
processing steps are necessary (e.g. substrate heating, template formation, high temperature and long time 
anneals) that could hinder its mass implementation [7-9]. 
 
We offer herein an alternative fabrication method via Al incorporation to β-FeSi2 films using 
conventional magnetron sputtering and rapid thermal processing (RTP) which has not been reported 
before.  Addition of Al in small quantities (known as doping) to FeSi2 improved p-type conductivity in the 
latter while addition of Al to GaN-based light emitting diodes reduced leakage current and enhanced 
output power due to reduction of Ga vacancies and related defects such as dislocations [10-12].  In this 
present study, the addition of an Al interlayer between Al-doped β-FeSi2 film and Si substrate in a 
fabricated solar cell led to improvement in both short-circuit current and open-circuit voltage over those 
of solar cell with only Al-doped film. 
2. Experimental details 
n-Si(001) wafers (ρ ~10 Ωcm) were cleaned with diluted HF solution to remove native oxides and 
loaded into a Denton magnetron sputtering chamber.  The chamber was pumped down to pressure lower 
than 5x10-7 Torr before co-sputtering of FeSi2 and Al was started.  FeSi2 and Al was sputtered from the 
respective target (4N purities) using 100 W and 10 W respectively to form a ~50 nm thick film.  To 
prepare samples with Al interlayers, a 9 nm thick Al film was first sputtered from the Al target before 
FeSi2 and Al co-depositions.  A control set of samples with only FeSi2 layer was also prepared.  The 
samples were subsequently annealed in a XM80 rapid thermal processing (RTP) system in N2 ambience 
at 600ºC for 1 minute.  Some samples prepared with Al interlayer were also annealed in a furnace system 
at 600ºC for 15 minutes.  The sample structures are summarised in Table 1. 
Table 1. Sample structures 
Structure Anneal Process 
FeSi2/Si RTP 
FeSi2+Al/Si RTP 
FeSi2+Al/Al/Si RTP, Furnace 
 
To fabricate solar cell devices from the sputtered samples, top electrode consisting of an ITO layer and 
bottom electrode of a Ti-Al bi-layer was sputtered respectively on top of FeSi2 film and at the back-side 
of Si substrate.  The final active area of the cell is 5x5 mm2.  Photovoltaic characteristics of the devices 
were measured with a XES-151S solar simulator calibrated with a standard reference Si cell to produce 
light with AM 1.5G spectrum of power intensity 100 mW/cm2.  Material characterisations were also 
carried out with Bruker D8 x-ray diffraction (XRD) general area detector diffraction system (GADDS) 
and Philips CM300 transmission electron microscopy (TEM).  Optical properties of FeSi2 films were 
measured with Shimadzu UV-3101PC scanning spectrophotometer. 
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3. Results 
3.1. XRD 
Phase identification was determined with Cu Kα radiation during XRD measurements.  As-deposited 
FeSi2 samples with and without Al were amorphous whereas all the annealed samples exhibited three 
distinct XRD peaks as shown in Fig. 1.  The major peak can be indexed to (202)/(220) while the other 
two peaks have a few possible (hkl) identities which are included in the figure.  The peak positions are the 
same regardless of how Al was incorporated and the anneal process.  The presence of these peaks 
indicates that the annealed FeSi2 films are polycrystalline orthorhombic β-FeSi2 [13]. 
 
 
Fig. 1. XRD graphs of as-deposited and annealed FeSi2 films. 
3.2. Optical Properties 
To determine the absorption coefficient (α) and band gap (Eg) values, absorbance of the samples were 
first measured.  The absorption model reported in Ref. [14] was then used to derive α and Eg values.  
Refractive index values of FeSi2 used for the derivation were taken from Ref. [15] and may differ from 
the actual refractive index values of Al-incorporated FeSi2 films in the present study and contribute to 
negative values of α at lower Eg for some samples.  (Values from Ref. [15] were obtained from reflec-
tance, transmittance and ellipsometric measurements of FeSi2 epitaxial films grown by molecular beam 
epitaxy technique).  Nevertheless a comparison of the effects of Al incorporation and anneal method on 
the absorption behaviour of FeSi2 films can still be made.  Figure 2 shows the variations of absorbance 
and α2 with photon energy E for annealed films.  The inset graph shows that FeSi2 films incorporated with 
Al and annealed by RTP have significantly reduced absorbance levels compared to film without Al or 
furnace annealed.  Figure 2 shows that there is a linear relationship between α2 and E for E > 0.9 eV 
which suggests a direct band gap behaviour.  On the other hand, graph of α1/2 versus E does not show any 
linear dependence.  Figure 2 also shows that film prepared with Al interlayer exhibited a higher value for 
α at 1.2x105 cm-1 (at 1.0 eV) and lower for Eg at 0.85 eV than those for film prepared without interlayer at 
1.0x104 and 1.03 eV, respectively.  These values are in-line with those reported for β-FeSi2 films in other 
studies [1-3, 14] and show that the Al concentration added in this present study maintains the semi-
conducting nature of FeSi2.  The incorporation of Al to FeSi2 possibly helps to fill up point defects such 
10 15 20 25 30 35 40 45 50 55 60
(114)
(511)
(422)
(313)/(331)
(004)/(040)
FeSi2+Al/Si
RTP
FeSi2+Al/Al/Si
RTP
FeSi2+Al/Al/Si
Furnace
FeSi2
RTP
 
In
te
ns
ity
2 Theta (o)
as deposit
(202)/(220)
308  S.L. Liew et al. / Energy Procedia 15 (2012) 305 – 3114 S.L. Liew et al / Energy Procedia 00 (2011) 000–000 
 
as substitutional and interstitial vacancies that were formed during film growth in the sputtering process, 
thereby reducing defects concentration and improving the optical absorption of the films.  In contrast, 
film that was prepared without Al or furnace annealed has the highest level of sub-gap optical absorption 
with a correspondingly higher α and lower Eg, suggesting a higher level of defects in these films. 
 
Fig. 2. Graph of square of absorption coefficient α2 versus photon energy E for annealed films.  Boxed values 
represent α (top, cm-1) and Eg (bottom, eV).  Inset: Graph of absorbance versus E. 
3.3. Photovoltaic Properties 
Figure 3 compares the I-V behaviours of solar cell devices under dark and light conditions.  Figure 
3(a) shows p-n rectifying behaviour of Al-incorporated solar cell devices regardless of the anneal method.  
In contrast, undoped film on p-Si(001) substrate displayed n-p rectifying behaviour and with the highest 
dark current Idark.  Al incorporation and anneal method have significant effects on Idark and PV properties 
of the solar cell devices.  Device prepared with Al interlayer and annealed by RTP showed the lowest Idark 
(Fig. 3(a)), highest short-circuit current (Jsc), open-circuit voltage (Voc) and fill factor (FF) (Fig. 3(b)) at 
1.9x10-7 A, 3.91 mA/cm2, 0.45 V and 0.459 V, respectively.  The role of Al interlayer in the solar cell 
device was thus investigated in greater detail. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. (a) Dark and (b) light I-V curves of β-FeSi2 solar cells. (Dark I-V curve for FeSi2/Si plotted with reversed 
polarity.) 
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4. Discussion 
High resolution transmission electron microscopy (HRTEM) images in Fig. 4 reveal differences at the 
FeSi2(Al)/Si interfaces of the annealed samples.  Interface of sample without an Al interlayer is marked 
by the presence of an amorphous interfacial layer (IL) ~1.1 nm thick (Fig. 4(a)) which was similarly 
observed in another cell with the same structure in the earlier study [16].  As such, the amorphous layer 
which is probably SiOx due to residual oxygen present in sputtering and anneal processes, could have 
induced a Fermi level pinning to result in a low effective built-in potential Vbi and consequently Voc.  For 
sample with Al interlayer, a prominent amorphous IL ~2 nm thick is observed (Fig. 4(b)).  Energy 
dispersive x-ray (EDX) analyses indicated the atomic composition to be Fe(0.08)Si(0.55)Al(0.15)O(0.22).  
The presence of the IL does not appear to have a detrimental effect on the photovoltaic properties as 
indicated by the values of Jsc (relative to Iphoto) and Voc as shown in Fig. 3(b).  It has been shown that the 
resulting structure formed between aluminium oxide film and silicon during annealing achieved surface 
passivation of silicon [17].  In this present study, the amorphous layer could have passivated the silicon 
surface of defects and dangling bonds which are recombination centres for photocarriers, thereby 
reducing leakage current.  Interestingly, the interfacial structure is similar to that formed in the sample 
without Al interlayer as both are amorphous with elemental composition in the form of FeSixAlyOz 
complex oxide.  Hence we can compare these two devices by considering an ideal I-V diode behaviour of 
the solar cell which is defined as Voc = (kT/q)ln(Iphoto/Idark) where k, T and q refer to Boltzmann’s constant, 
temperature and electronic charge respectively [5].  It is obvious then that the Idark of the device with Al 
interlayer which is almost 2 orders of magnitude lower, helps in delivering a Voc value (0.45 V) that is 
almost 4 times the Voc (0.12 V) of the device without Al interlayer.  Figure 4 also shows that film 
prepared with Al interlayer has higher Al concentration in the FeSi2 film, indicating that there was 
diffusion of Al from the interlayer into FeSi2 during RTP.  To provide further information on the 
influence of Al interlayer on the structural formation and photovoltaic properties of β-FeSi2(Al)/Si 
heterojunctions, different Al interlayer thickness can be incorporated and studied. 
 
      
Fig. 4. HRTEM images of samples prepared (a) without and (b) with Al interlayer. Both were annealed by RTP. 
Secondary ion mass spectroscopy (SIMS) depth profiles of samples annealed by RTP and furnace were 
also studied.  Figure 5 compares the Al, Fe and O profiles of the two samples which reveal that RTP led 
to higher Al and lower O2 in the FeSi2(Al) film and reduced diffusion of Fe and Al into Si substrate.  This 
resulted in lower Idark, improved Iphoto/Idark ratio and photovoltaic properties for device annealed by RTP.  
The diffusion coefficient of Fe in Si is 10 orders higher than that of Al in Si [18] and diffused Fe atoms in 
(a) (b) (a) 
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Si act as recombination centres for photo-generated carriers [19].  Thus employing RTP to anneal the 
solar cell devices helps to suppress diffusion of Fe into Si.  To quantify the extent of Fe contamination, a 
direct measurement by deep level transient spectroscopy (DLTS) of the cell devices should be made. 
 
 
Fig. 5. SIMS depth profiles of samples with Al interlayer annealed by RTP and furnace. 
Table 2. Summary of photovoltaic properties. 
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Table 2 summarises the solar cell parameters discussed previously.  The highest energy conversion 
efficiency obtained is 0.81% for device with Al interlayer.  Although this value is much lower than the 
highest reported efficiency of 3.7% [9], the simplicity of implementation via Al incorporation and RTP 
makes the FeSi2 film structure presented herein a viable working solar cell device with further 
optimisation.  Devices without Al incorporation have significantly poorer photovoltaic properties marked 
by highest Idark with corresponding reduced Jsc and Voc.  The magnitude of Idark correlates with the optical 
results presented in previous section which show that FeSi2 films without Al had the highest level of sub-
gap absorption (Fig. 2). 
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5. Conclusions 
Thin-film solar cells of β-FeSi2/Si heterojunctions were fabricated via Al incorporation and rapid 
thermal processing.  Upon annealing, polycrystalline orthorhombic and semi-conducting FeSi2(Al) films 
were obtained.  Solar devices with Al interlayer exhibited improved short-circuit currents and open-
circuit voltages over devices without interlayer.  These were attributed to surface passivation of Si by 
interfacial structure and reduced dark current for device with Al interlayer.  The highest energy 
conversion efficiency under AM 1.5G, 100 mW/cm2 illumination is 0.81%, obtained for a device 
prepared with Al interlayer. 
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